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Chemical Modulation of Alveolar
Epithelial Permeability
by J. T. Gatzy* and M. J. Stutts*
The volume and composition of fluid on the surface of the alveoli can affect alveolar ventilation, gas
diffusion, and macrophagefunction. Thepassivepermeability andactiveprocessesofthealveolarepithelial
lining play a role in regulating surface fluid and are a potential site ofdamage by airborne chemicals.
Like other epithelial barriers, the alveolar lining is permeable to lipophilic substances but restricts the
transmural flowofsmall ions and hydrophilic nonelectrolytes (equivalent pore radiusca. 0.5-1.5 nm). The
mammalianfetal lungand alveolar sacsoftheadultbullfrogsecrete Cl- and K+ intotheairspace. Secretion
by the fetal lung ceases at birth.
Many environmental agents increase the permeability of the capillary endothelium and/or respiratory
epithelium and induce pulmonary edema. Studies with bullfrog alveolar sacs have demonstrated that
selective effects may or may not be followed by general derangement ofthe epithelial barrier. Exposure of
theluminalsurfacetoHgCI2 (10-6to10-4M) inducesaselectiveincreaseinCl-secretionthat isfollowed bya
fall in transport and a general increase in ion permeation. CdCl2 (10-s to 10-3M) depresses ciliomotion on
cellsonthetrabeculaofthealveolus butdoesnotaffectCl- secretionortransepithelial conductance. HNO3,
like other mineral acids, increases conductance and the radii of pores in the barrier, whereas NaNO3
selectively inhibits Cl- secretion. Amphotericin B (10-7 to 10-5M) induces K+ secretion into the lumen of
both bullfrog and rat lung. We conclude that environmental agents induce changes in epithelial function
that may compromise the lung's ability to regulate respiratory fluid without destroying the characteristic
permeability of the epithelial lining.
Introduction
The respiratory epithelium is the first continuous
cellular barrier encountered by environmental
agents in inspired air and is, therefore, a potential
site of early toxicity. In contrast to Boucher's con-
tribution (1), this paper will focus on the functions of
the epithelium that lines the gasexchange ratherthan
the conducting surface of the lung. The fluid that
covers the surface ofthe alveolarepithelium plays an
important role in inflation of the lungs during fetal
development (2) and in the maintenance of reduced
surface tension and macrophage function inthe adult
lung (3). The volume and composition of the fluid is
regulated by the permeability and active solute
transfer processes of the epithelial monolayer.
Direct measurement of fluid outflow from the
trachea (4) and dilution of an impermeant solute that
was placed in the alveolar lumen (5) demonstrated
that lung liquid is continuously secreted by the lung
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ofthe fetal sheep. The driving force forfluid produc-
tion is the active secretion of Cl- and K+ by the
epithelium (6). Secretion ceases and fluid is reab-
sorbed at birth, a phenomenon that can be simulated
by the parenteral administration of epinephrine and
blocked by af3-adrenergic antagonist(7). The barrier
separating blood and lymph from the fluid that
normally fills the lumen of the fetal lung exhibits
many properties ofa "tight" epithelium. Lipophylic
solutes permeate at a rate roughly proportional to
their lipid solubility. In contrast, the translocation of
hydrophilic molecules is restricted by molecular
size. Conventional pore analysis indicates that the
permeation of small nonelectrolytes is compatible
with aqueous channels with an equivalent radius of
0.55 nm (8). A similaranalysisofsoluteflowbetween
blood and lymph suggests pores of 15 nm in the
capillary endothelium (8). Hence, the epithelium
presents the major impediment to solute movement
between blood and the lumen.
Relatively little is known about the composition of
the thinfluid layeratthe air-epithelial interface inthe
adult lung. Several lines of evidence indicate that
April 1980 13surface-active material is secreted into the alveolar
lumen by Type II pneumocytes (9, 10). Fluid from
the surface of alveoli of rats has been sampled by
micropipet and found to be "protein free" (11).
When a Ringer solution is added to the airspace of
dogs and rabbits, the pattern of passive solute
permeation betweenblood and the lumen resembles,
in most cases, that ofthe epithelium ofthe fetal lung
(12-14). Similar conclusions can be reached from
studies ofthe osmotic effectiveness ofsmall, hydro-
philic solutes added to the solution that perfused
excised dog lungs (15). The introduction of a salt
solution into the airspace greatly increased the os-
motic activity ofsolutes inthe vascular space. These
results suggested that the epithelial barrier between
the newfluid compartment and the bloodwasfarless
permeable than the endothelial barrier between
blood and the lung interstitium. Other studies have
shown that the apparent radius of pores in the
epithelium can be greatly increased by excessive
inflation (16).
Several conditions and toxic agents damage the
barrier between blood and the airspace and induce
pulmonary edema. In all cases, the electrolyte com-
position ofthe accumulated liquid resembles that of
extracellular fluid, but the protein concentration is
determined by the method ofedema formation. For
example, increased left ventricular pressure in dogs
results in the formation ofedema fluid with the pro-
tein concentration ofthe interstitium (17), and abulk
flow of fluid across the epithelium through a few,
large holes (18). Alloxan induces the flow of fluid
withthe protein concentration ofthe plasmathrough
many, smaller holes in the endothelial-epithelial bar-
rier (19, 20). Both methods of edema formation in-
duce peribronchial and perivascular cuffs (21).
These studies illustrate a major drawback of fluid-
filled lung preparations. The movement of solutes
across the alveolar epithelium cannot be distin-
guished from parallel flow across the epithelium of
the airways. Since the surface area of the alveoli
exceeds that of the airways by at least several hun-
dred fold, the contribution of the nonalveolar
epithelium to results from whole lung is often dis-
missed. However, recent evidence suggests that
equivalent pores in the epithelium of the upper air-
ways are much larger than those ofthe alveolar epi-
thelium so that most large, hydrophilic molecule
permeation may follow this path (22).
Results and Discussion
We have attempted to elucidate the permeability
ofthe alveolar epithelium and the mode ofaction of
toxic agents which attack this barrier in two ways.
The first approach proposes the excised rat trachea
as a model for the airway epithelium. When the per-
meability and transport functions ofthis barrier are
".subtracted" fromproperties ofperfusedfluid-filled
rat lung, the characteristics of the alveolar epithe-
lium should be obtained.
Perfused, Fluid-Filled Left Lobe of the
Rat Lung
A complete evaluation of the mode of solute
translocation and edema formation in fluid-filled
lung is hampered by the overwhelming contribution
of fluid in the airspace to the electrolyte and water
content ofthe tissue. We minimized this problem by
preparing lung slices from a perfused lobe (23). The
left lobe of the rat lung was excised and perfused
throughthe pulmonary vasculature (arterial pressure
= 15 cm H20) with Krebs-Ringer bicarbonate solu-
tion (KBR) that contained 6% colloid (1% bovine
serum albumin and 5% Ficoll). The outflow ofperfu-
sionfluidfromthe pulmonary veinrangedfrom 1.5 to
3 ml/min and was collected in a fraction collector.
The lobe was filled through the main bronchus with
KBR that contained radiolabeled high molecular
weight dextran. After I hr, the lobe was drained, and
slices 0.5 to 1 mm thick were prepared with a Stadie
Riggs tissue slicer and blotted on KBR moistened
filter paper.
Table 1 summarizes the compositionofslicesfrom
02-filled and KBR-filled lobes. The conditions of
each experiment were designed to assess the effects
of fluid filling, perfusion, perfusion with reduced
colloid and agentsthatinterfere withthecell's ability
to regulate its internal composition. Compared with
slices from excised gas-filled lungs, tissue from per-
fused, fluid-filled lungs contained 30o more water, a
volume that corresponds closely to the volume of
dextrandistribution. This volume represents luminal
solution that was trapped in the slice and was not
affected by the magnitude oflobe filling volume over
a range of 4-10 ml/kg body weight (ca 1-4 ml/lobe).
Changes inelectrolyte composition ofthefluid-filled
lung are compatible with the addition ofNaCl solu-
tion to the slice. Perfusion increases the NaCl con-
tent slightly, achange whichis mostly accountedfor
by the replacement of blood with KBR.
When colloid in the perfusion fluid was reduced
from 6 to 1%, an additional literoffluid perkilogram
dry weight was added to the slice. Increases in NaCl
contentwerecompatiblewiththeadditionofKBRto
the lobe. This change probably reflects interstitial
edema that results from the decreased osmotic driv-
ing force in the vascular compartment.
The additionofouabaintothe perfusionfluid (final
concentration = 10-3 M) increased slice Na+ and
decreased K+. These results suggest that cells ex-
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H20, Vdextran, Electrolytes, meg/kg dry, Wtb
Conditions 1./kg l./kga
n dry wt dry wt Na+ K+ C1-
02-Filled
Unperfused 15 4.5 ± 0.1 458 ± 13C 339 ± 6 404 ± 12C
KBR-Filled
Unperfused 3 5.6 ± 0.1 1.2 ± 0.1 600 ± 32 334 ± 11 505 + 21d
KBR-perfusede 7 5.9 ± 0.1 1.2 ± 0.1 639 ± 17 315 ± 11 595 ± 14
Low colloid-perfusedf 8 7.1 ± 0.3d 1.4 ± 0.1 783 ± 84d 349 ± 14 725 ± 63d
Ouabain-perfusedg 3 6.1 ± 0.2 1.3 ± 0.2 788 ± 16d 209 ± 32d 617 ± 43
Metabolic inhibitor-perfusedh 4 6.5 ± 0.4 2.6 ± 0.8 809 ± 14d 163 ± 16d 640 ± 50
aVolume of distribution of '4C-carboxyl dextran that was added with KBR in the airspace.
bMean ± SE.
C02-filled value significantly different (p<0.05) from values for KBR-filled unperfused.
dKBR-filled value significantly different (p<0.05) from values for KBR perfused.
eKrebs bicarbonate Ringer solution with 1% bovine serum albumin (BSA) and 5% Ficoll (w/v).
fKBR with 1% Ficoll or bovine serum albumin.
9KBR with 1% BSA, 5% Ficoll, and 10-3 M ouabain.
hKBR with 1% BSA, 5% Ficoll, 10-3 M iodoacetamide and 10-3 M NaCN.
change K+ for Na+ without tissue swelling. Ouabain
has been reported to induce K+-Na+ exchange with-
out swelling in other tissues (24). Cation exchange
was also observed when metabolic inhibitors were
included in the perfusion fluid. In addition, there was
atendency for a small volume ofNaCI solution to be
added to the slice. The increased dextran volume of
distribution may reflect increased permeability of
membranes of cells of the epithelial barrier. How-
ever, the permeability coefficientthat wascalculated
from the rate of dextran appearance in the venous
outflow was usually below 10-9 cm/sec, a value
lower than the coefficient for albumin flow across
perfused, fluid-filled dog lung (25).
The usefulness of the slice protocol is illustrated
bytheexperiment illustrated inTable2. The addition
of amphotericin B to the fluid in the airspace ofthe
perfused lobe nearly doubled the concentration of
K+ that was recovered in the fluid after 1 hr (26).
Since slice water and electrolytes and the volume of
recovered fluid did not change, the increase in lumi-
nal K+ cannotbeattributed to alossoftissue K+. The
electrical potential difference between the airspace
and perfusion fluid seldom exceeded 6 mV (lumen
negative) so thatthe transepithelial K+ gradient does
not reflect a passive distribution. We conclude that
amphotericin induces the active secretion ofK+ into
the lumen, an effect which has been reported for
epithelia of colon (27), frog skin (28), toad urinary
bladder (29), and bullfrog lung (30). Further, the
increase in K+ in the lumen of the rat lung could be
reduced by adding ouabain to the perfusion fluid,
suggestingthe participation ofNa+-K+ ATPase inK+
transport.
Excised Rat Trachea In Vitro
The contribution of the airway epithelium to the
respiratory lining was estimated from functions of
theexcised rattrachea(31). To make use ofnearly all
of the small tracheal surface the entire cylinder was
excised and tied to the arms ofan inverted "y"-tube.
The tracheal cylinder was suspended horizontally in
an outer bath of KBR at 37°C. Bubbles of 5%
Table 2. Effect of amphotericin B on the composition of perfused lung and the fluid added to the airspace.
Recovered
Tissue electrolytes, meg/kg dry wta airspace fluid, % addeda
Airspace fluid H20,
n 1./kg dry wt Na+ K+ Cl- Volume K+
KBR 6 5.7 0.1 59.3 ± 11 350 ± 6 559 ± 10 82 ± 6 117 ± 4
KBR + 10-5 M 3 5.7 0.1 657 ± 14 369 ± 19 580 ±10 71 ± 5 179 ± 5b
amphotericin
aMeans ± SE.
bSignificantly greater (p < 0.05) than the value for KBR without amphotericin.
15 April 1980C02-95% 02 and a gas lift in the tubing recirculated
KBR through the lumen of the trachea. Trans-
tracheal electric PD was monitored between KBR-
agar bridges near the midpoint ofthe tracheal cylin-
der and in the outer bathing solution. The bridges
were connected through calomel cells to a high im-
pedance voltmeter. Current from adc voltage source
was passed between an axial silver-silver chloride
wire in the lumen and an outer silver-silver chloride
foil that surrounded most of the trachea. Cysteine
(1 mM/l.) was included in the bathing solutions to
complex any silver that might have been released
from the electrodes. Unidirectional fluxes of
radioactive solutes were determined by adding the
tracer to one bathing solution and determining the
rate of radiolabel appearance in the other bath.
Under open circuit conditions, 14 tracheas ex-
hibited a transmural electric PD of9.3 + 1.2 (SE mV,
lumen (mucosa) negative, and a dc conductance of
11.0 ± 1.2 mS/cm2. These bioelectric properties re-
mained constantforatleast2 hr. Unidirectional 22Na
fluxes across the short-circuited trachea (transmural
voltage clamped at zero) were asymmetric and in-
dicative of an active reabsorption (net mucosal to
serosalflow) of 1.7lueq Na+/cm2-hr. Underthe same
conditions, 36CI fluxes revealed an active secretion
into the lumen of 1.9 .ueq/cm2-hr. Furthermore, the
sum of the net Na+ and Cl- movements accounted
for 95% of the current required for short-circuiting.
Cl- secretion and Na+ reabsorption have been re-
ported for excised, short-circuited dog trachea (32).
42K and 14C mannitol unidirectional fluxes were
symmetric and, therefore, consistent with passive
transfer.
Figure I depicts the relationship between the
passive flow of each solute and conductance. The
linear relationship between mannitol and conduc-
tance and the intercept nearzero suggestthatmostof
the current carrying electrolytes and mannitol tra-
verse the same path. A comparison ofpoints on the
least square lines at any common conductance de-
scribes the relationship between the permeability
coefficients P for the solutes. The ratio ofPNa+ or
PK+ to Pmannitol approximates the ratio of the free
diffusion coefficients for each solute pair (see Table
4). These results are compatible with an equivalent
pore radius in excess of4 nm. This estimate and the
implication that mannitol, a solute restricted to the
extracellular compartment, and the electrolytes are
moving through the same channel suggest that this
path is paracellular. Cl- movement relative to man-
nitol flow was less than the free diffusion ratio and
might be explained if the paracellular path is lined
with fixed negative charges.
The addition ofamphotericin to the luminal bath-
ing solution (final concentration = 10-6M) increased
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FIGURE 1. The relationship between dc conductance and steady-
state, unidirectional solute flow across excised rat trachea in
vitro: (0) K+; (0) Na+ (serosal to mucosa), (C1)Cl- (mucosato
serosa), and (A) mannitol. Permeability coefficients were cal-
culated from the unidirectional passive flux of tracer (P =
radiolabel flux per unit area/radiolabel concentration in the
source). Each symbol represents datafrom one trachea. Lines
are fitted to the points by the method of least squares.
unidirectional fluxes for all solutes from two- to
fivefold. Specifically, net secretion of K+ could not
be detected.
Determination of Alveolar Epithelial Na+
Permeability and K+ Secretion
If the trachea is accepted as a model for the re-
mainder ofthe airways, then permeability and elec-
trolyte transport by the gas exchange epithelium can
be deduced from concordant measurements in
trachea and the perfused, fluid-filled lobe (Table 3).
The unidirectional flow of Na+ into the lumen of
trachea exceeded flow in the same direction in the
lobe by two orders of magnitude. Since the lobe is
lined by both alveolar and airway epithelia with a
surface area ratio ofabout 700 to 1, the passive Na+
permeability of the alveolar epithelium should be
slightly less than that of the lobe. By the same rea-
soning, the increase in Na+ permeability induced by
luminal amphotericin was considerably smaller in
the lobe than in trachea, suggesting an even smaller
increase in the alveolar epithelium.
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16Table 3. Cation flow across excised rat trachea and
the perfused left lobe of the rat lung.
Cation flow, /xeq/cm2-hr
Flow Lobea Trachea
Na+ (passive)
Untreated 0.029b 2.7c
Amphotericin B 0.042b 15.5C
K+ (net secretion)
Untreated 0.0013d <0.05e
Amphotericin B 0.0090d <O.05e
aEstimated surface area = 1400 cm2.
bCalculated from the rate of change in the amount of Na+ in
airspace fluid, a KBR with Na+ replaced by choline.
cSerosal to mucosal flux.
dThe rate of change in the amount of K+ in the KBR in the
airspace.
eSerosal to mucosal flux - mucosal to serosal flux.
K+ secretion into the lumen of the lobe was in-
duced by amphotericin but could not be detected in
trachea. Thisdoesnotexcludethe possibilitythatK+
secretionofthemagnitude measured inlobemightbe
present in trachea. However, it is clear that a K+
secretion of about 50 ILeq/cm2-hr would have to be
induced byamphotericin inthe airwaysofthelobeto
account for entire change in luminal K+ concentra-
tion. Since this secretion couldbeeasilymeasured in
the trachea it is reasonable to conclude that most of
the K+ is secreted by the alveolar epithelium.
Excised Bullfrog Lung
An alternative approach to the characterization of
alveolar epithelial permeability and ion transport is
to exploit species with large areas of intact alveolar
surface that can be separated easily from the air-
ways. Each lobe ofthe lungs offrogs and toads is a
single, large alveolus more than a centimeter in di-
ameter that is connected by a short airway to the
trachea(5). Theluminal surfaceofthelobeislinedby
acontinuous epithelial monolayer. Mostofthislayer
is comprised of Type I and Type II pneumocytes
(33). A few ciliated cells cover the tips of a fibrous
trabecular network in the interstitium which also
contains blood vessels, axons and muscle bundles.
The interstitium separates the epithelium from a
continuous pleural covering.
The alveolar sac can be opened and mounted as a
planar sheet between Ussing chambers. With identi-
cal Ringer solutions bathing both sides ofthe lung a
transmural bioelectric PD of nearly 20 mV (lumen
negative) and dc conductance of 1.4 mS/cm2 were
measured (34). Direct and indirect studies indicate
that the epithelium is the site ofthe biopotential and
the major resistance to transmural ion flow (34, 35).
The passive permeability of the bullfrog lung to
electrolytes is similar to that reported for the fetal
and fluid-filled, adult mammalian lung (36). In addi-
tion, the bullfrog lung, like the fetal lung, actively
secretes Cl- and other halides into the lumen. Cl-
transport equals the short-circuit current and can be
inhibited by metabolic inhibitors or Br-.
Studies that were designed to establish the dimen-
sion(s) ofanequivalent pore(s) have beenequivocal.
Table4 summarizes the permeability coefficients for
the passiveflux ofsolutes ofdifferent size across the
short-circuited lung. In contrast to the canine
trachea, the coefficients forNa+ and Cl- movements
relative to that of mannitol are greater than the free
diffusion ratio. These results suggest that mannitol
movementand theflowofthelargercyanocobalamin
and inulin molecules are restricted, i.e., the apparent
area for large molecule diffusion through aqueous
channels is less than that for small molecules. How-
ever, the permeability coefficient measured for in-
ulin depends on the purity of the tracer species.
Commercial tritiated methoxy-inulin contains small
fragmentswhich permeate the lungrapidly, resulting
Table 4. Solute permeability of excised buflffrog lung.
Radius P x 107,
Solute nm n cm/seca.b Psome/Pmanntolb Dsoiute/Dmannitol-
36C1 0.19 5 15.2 + 2.6 6.9 ± 0.7 2.87
22Na 0.29 5 9.5 ± 0.8 5.4 ± 1.0 1.87
14C-Mannitol 0.4 29 2.7 ± 0.2 1 1
a7Co-BIad 7.2 3 0.08 ± 0.03 0.05 ± 0.01 0.50
3H-Methoxy inulin (unfiltered) 14 3 1.2 ± 0.1 0.72 0.32
3H-Methoxy inulin (gel-filtered)e 14 2 0.40 0.12 0.32
4C-Methoxy inulin (gel-filtered) 14 2 0.25 0.06 0.32
aPermeability coefficient for the unidirectional flux of tracer from the lumenal to pleural bathing solution.
bMean ± SE.
CRatio of the free diffusion coefficients.
dCyanocobalamin.
eChromatographed on aSephadex G-100column. About25% ofthe totalradioactivity wasselectedfromthepeakand anequalnumber
offractions on either side of the peak.
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FIGURE 2. Estimation ofequivalent pore radius from the permea-
bilitycoefficientsforsoluteflow. The relationship between the
permeability coefficient P and pore radius is given (37) by: P
(cm/sec) = (DIAX)F(alr), whereD is the diffusivity in aqueous
solution (cm2/sec), AX is the path length for diffusion (cm),
F(a/r) is the function that describes steric and frictional in-
teractions between solute and pore; specifically,
[I - (aIr)]2 [1 - 2.1(a/r) + 2.09(a/r)3 -O.95(a/r)5]
in which a is the solute radius and r is the pore radius. By
dividing the permeability coefficients for other probe
molecules by the coefficient for a reference solute, mannitol,
AX is eliminated:
Pp_be Dp_be F (ap, /r)
Pmannitol Dman.to, F (amannitol/r)
The linesjoin predicted ratios ofthe permeability coefficients
foreach solute-mannitol pair. The ratios were calculated from
assumed pore radii and literature values for a and D.
in a ratio of inulin to mannitol flows which is more
than twice the ratio predicted for free diffusion. Par-
tial purification of inulin by fractionation on poly-
acrylamide gel results in a tracer species that is
restricted but the possibility ofminor contamination
by small fragments cannot be excluded. The contri-
bution of this contamination to the apparent inulin
flux is magnified when restriction is severe. This
uncertainty leads to the calculation of several pore
radii for the lung (Fig. 2). Whereas the flows ofNa+,
C1-, and cyanocobalamin relative to thatofmannitol
describe a pore radius of 1-2 nm, the most slowly
permeating inulin species appears to require aradius
of 3.5 nm. Despite these reservations most of the
data favor the notion that the passive flow ofhydro-
philic molecules across the bullfrog lung involves
pores that resemble those offetal or adult mamma-
lian lung rather than the transmural channels in the
tracheal mucosa.
The potential value of pore size estimates can be
illustrated by experiments that assess the effects of
pH on bullfrog lung permeability. Exposure of the
mucosal (luminal) or serosal (pleural) surface ofthe
lung to unbuffered Ringer solutions that contain
HN03, H2S04, or HCI induce identical effects.
Bioelectric properties do not change until the pH of
the bathing solution falls below three. Then conduc-
tance increases severalfold. Volume flow in re-
sponse to an osmotic gradient rises. Table 5 illus-
trates the effects of exposing either surface of the
lung to HCI. The relatively low pH of the other
bathing solution reflects the permeation of protons
through the lungduring the three hourexperiments.
In both experiments an increase in conductance was
paralleledby adramatic increase in the mannitol and
Cl- permeability coefficients. The ratioofthe coeffi-
cients (Pci-/Pmannitoi) approached the value for diffu-
sion infree solution. Thisfall canbeexplainedbythe
expansion of existing channels to a radius greater
than 4 nm and/or the creation of new, large pores.
Whereas the effects of mineral acids on lung per-
meability are notsubtle, anumberofchemical agents
induce selective changes in functions ofthe bullfrog
alveolar epithelium. The replacement ofNaCl in the
mucosal bathing solution by NaNO3 inhibits short-
circuit current by 40% but does not affect conduc-
tance. Bioelectric properties are not affected by
serosal exposure to NaNO3 (35). The mode ofN03-
action is not known but unpublished flux ex-
periments demonstrate that Cl- flow toward the
lumenand the transmural movement ofNa+ineither
direction are unaffected.
Amphotericin B in the mucosal solution induces
notonlythe secretion ofK+ into the lumenbut also a
paracellular, K+ selective pathway (30), an effect
which has also been described for toad urinary blad-
der (38).
High concentrations ofHgCl2 in the mucosal solu-
tion (10-5 to 10-i M) lead to an increase in conduc-
tance and general ion permeability and inhibition of
activeCl- secretion(35). However, theflowofwater
in response to a transmural osmotic gradient is not
affected (39). When exposure to Hg isfollowed after
1 min by the addition of an excess of a sulfhydryl
agent, such as dimercaprol, there is a sustained40%o
increase in short-circuit current and in the secretion
of Cl-, but neither conductance nor unidirectional
fluxes of Na are affected significantly (39).
Finally, the beating ofcilia on the cells that cover
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18Table 5. Effect of bathing solution pH on the solute permeability of excised bullfrog lung.
Bath pH Pc1- Dc-
G, P x 107,
Lumenal Pleural Solute n mS/cm2a cm/secb Pmannitol Dmannitol
8.3 8.3 36CI- 5 0.9 15.2c 6.9 2.9
14C-mannitol 2.7c 1 1
2.5 6.3 36CI- 2 6.7 669c 2.9 2.9
'4C-mannitol 228c 1 1
6.3 2.5 36CI- 2 7.4 d 3.4 2.9
14C-mannitol 179d 1 1
adc conductance.
bPermeability coefficient for the comptemporaneous flux of radio-mannitol and Cl+ across the same lung lobe.
cLumen to pleural flux.
dPleural to lumen flux.
the trabecula is inhibited by the addition ofCdCl2 to
the luminal solution (concentration range = 10-5-103
M) (40). The metal also decreases the rate of tissue
oxygen consumption but does not affect bioelectric
properties ortransmural ionmovement. Studieswith
alveolarepithelial cells that weredisaggregated from
the lung surface by perfusion through the pulmonary
vasculature with collagenase show that Cd com-
plexed with bovine serum albumin or hemoglobin
does not alter ciliary motility (41). However, these
extracellularproteins donot reversetheeffectsofCd
that has already reacted with the cells. In contrast,
Cd-exposed cells washed with permeant sulfhydryl
agents, such as mercaptoethanol, dimercaprol, or
cysteamine, partially or completely recover oxygen
consumption and ciliary motility (42). These obser-
vations suggest that the inhibition ofciliary motility
requires the interaction of Cd with intracellular
ligands. Measurements ofthe Cd binding which per-
sists afterthe sulfhydryl agent wash suggests that no
more than 30o ofthe total Cd ligands participates in
the inhibition of ciliary motility.
Conclusions
Evidence from fluid filled, perfused ratlung lobes,
rat trachea, and bullfrog lung indicate that the
alveolar epithelium restricts the movement of small
hydrophilic molecules. The large epithelial surface
of the alveolar epithelium is shunted by the airway
epithelium, a less restrictive barrier. Chemical
agents, such as amphotericin B, can induce quan-
titatively and, perhaps, qualitatively differenteffects
in the gas conducting and exchanging epithelia.
Whereas exposure to acids (pH < 3) induces a gen-
eral increase in solute and water permeability and in
pore radius, otheredemagenic agents, such asHgCI2
and CdCI2, affect ion secretion and ciliary motility
without altering the permeability of the alveolar
epithelium.
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